Introduction
============

An emerging infectious disease (EID) can be defined as 'an infectious disease whose incidence is increasing following its first introduction into a new host population or whose incidence is increasing in an existing host population as a result of long-term changes in its underlying epidemiology\'.^[@bib1]^ EID events may also be caused by a pathogen expanding into an area in which it has not previously been reported, or which has significantly changed its pathological or clinical presentation.^[@bib2]^

Mostly, infectious disease emergence in humans is caused by pathogens of animal origin, so-called zoonoses.^[@bib2],[@bib3],[@bib4],[@bib5]^ Likewise, cross-over events may occur between non-human species including between domestic animals and wildlife, and such events also involve transmission from a reservoir population into a novel host population (spill-over).^[@bib5],[@bib6],[@bib7]^ Emergence in a novel host, which includes spill-over/zoonoses, has been extensively studied. An elaborate framework featuring the subsequent stages in the emergence process of a species jump has already been developed, describing how an established animal pathogen, through stages of spill-over and lengthening of the transmission chain in the novel host, may evolve all the way up to an established and genetically consolidated pathogenic agent.^[@bib8],[@bib9],[@bib10]^ However, as implied by the above broader definition of EID, other categories can be distinguished in addition to emergence in a novel host, including disease outbreaks in an existing host or the emergence of a disease complex beyond the normal geographic range.

Here, we will argue that changes in host range, in pathogen traits displayed in the same host, and the geographic distribution of a disease complex, form three distinct sets of complementary and only slightly intersecting disease emergence scenarios. Together, these scenarios present the full picture and range of possible disease emergence dynamics. Hence, we categorize EIDs into three main groups, with emergence of (i) a pathogen in a novel host; (ii) a pathogen with novel traits within the same host; and (iii) a disease complex moving into a novel geographic area. Human actions that modulate the interplay between pathogens, hosts and environment are at the basis of almost all EID events, although the exact drivers and mechanisms differ. For each of the three groups, we will argue how the emergence process is driven by specific sets of causal factors, discuss the changes in disease ecology and transmission and elaborate on the invasion dynamics and on the characteristics of pathogens that are dominant in each group. Such structuring of the myriad of EID on the basis of the changes in the interplay between pathogens, hosts and environment will assist in better understanding of specific EID events and in designing tailored measures for prevention and prediction. Moreover, the framework contributes to understanding the effects of human actions that pave the way for the three distinct emergence scenarios. We propose that the resulting framework applies not just to pathogens affecting humans and animals in agriculture and natural ecosystems; it may be usefully applied also for pest and disease emergence in aquaculture, plant production and insect rearing.

Drivers of disease emergence
============================

Drivers of EIDs can be defined as the underlying causal factors of emergence.^[@bib2]^ In 1992, Lederberg *et al.*^[@bib11]^ listed a set of 'specific forces that shape infectious disease emergence\' in humans. Subsequent authors adapted and/or expanded these lists of drivers and even proposed ranking of drivers according to incidence.^[@bib2],[@bib4],[@bib11],[@bib13]^ Drivers shaping emergence in domestic animals and wildlife are analogous to the drivers for EIDs in humans.^[@bib14]^ Notably, changes of anthropogenic nature are at the basis of virtually all EIDs in humans, domestic animals and wildlife.^[@bib14],[@bib15],[@bib16],[@bib17],[@bib18],[@bib19]^ Human population growth and economic development have translated in a growing need for land, water and energy, and thus created a global set of more proximate drivers of disease emergence including deforestation and associated biodiversity loss, climate change, imbalances in agricultural and food supply systems, increases in travel, trade and traffic and a persistence of poor health systems and protection practices.

Pathogen--host--environment interplay
=====================================

There is growing awareness that drivers of disease emergence modulate the interplay between pathogens, hosts and environment.^[@bib2],[@bib4],[@bib20],[@bib21],[@bib22],[@bib23]^ An EID event can be considered as a shift in the pathogen--host--environment interplay characteristics. Changes in the host--environment and the disease ecology are key to creating novel transmission patterns and selection of novel pathogens with fitter genetic traits. This process will finally result in a novel steady state pathogen--host--environment interplay. Yet, it is difficult to tell what this new pattern will look like until it materializes.

A key factor influencing both the likelihood and outcome of disease emergence is pathogen invasiveness, i.e., the ability of a pathogen to emerge. Such invasiveness is determined by the combination of pathogen traits, including opportunism and evolvability.^[@bib20],[@bib24],[@bib25]^ Notably, RNA viruses with an inherent high mutational rate, bacteria capable of acquiring genetic material and pathogens infecting multiple hosts are more likely to turn into an emerging disease agent.^[@bib2],[@bib4],[@bib8],[@bib24],[@bib26]^ On the other hand, emergence is influenced by the invasibility of the host--environment, in terms of the individual body, host population structure, host community composition and mosaic, and the associated landscape and its resilience towards pathogen invasion.^[@bib25],[@bib27]^ The role of the environment extends also to the role of temperature and humidity in pathogen environmental survival and transmission, seasonality in abundance and distribution of arthropod vectors, and roles of geographic, physical or chemical barriers.

A comprehensive framework for disease emergence
===============================================

The drivers of pathogen emergence change the overall pattern of the pathogen--host--environment interactions leading to either (i) a pathogen showing up in a novel host; (ii) a mutant pathogen with novel traits causing more frequent or more severe disease while remaining in the same host; or (iii) an invasion process involving a novel geographic area. As shown in [Figure 1](#fig1){ref-type="fig"}, disease emergence starts with an existing disease complex or pathogen--host--environment complex. While the three emergence categories are broadly speaking distinct, there are also grey areas, between existing and emerging disease events and at the interfaces of the three disease emergence categories. Taken together, these different sets of circumstances represent the full range of disease emergence. A brief introduction to the basics of this framework and the three distinct emergence categories is given in the present section. Details and examples further describing the three disease emergence categories are provided in subsequent sections.

As a first category, pathogens may enter in closer contact with novel host types, be it humans, domestic animals or wildlife. Increased pathogen spill-over may result from this mixing of species and eventually, given progressive exposure of the new host to the 'new\' pathogen, generate a 'species jump\' with sustained transmission in the novel host species. Examples of drivers comprise bush or wild meat hunting and consumption, deforestation and logging, other forms of human encroachment of forests and game reserves, and increased interspecies contacts at the wildlife/agriculture interface, between humans and their pet animals, and within food animal production systems.

Second, pathogens may develop novel traits while circulating in a given host. Key to these dynamics is that the novel trait allows the pathogen to unlock host resources that would otherwise remain unavailable. Mass rearing of animals and use of antimicrobials and vaccines may yield 'virulence jumpers\' with increased pathological or clinical presentation, pathogens acquiring antimicrobial resistance or escaping vaccine-acquired immunity.

Third, diseases may become established in new areas and landscapes, as a result of passive and/or active redistribution of pathogens, vectors and hosts. Two distinct types of geographic invasion may be further considered: pathogens increasing the extent of their geographic range ('geographic expansion\') and pathogens that become dispersed over distances with saltation, across physical barriers in the landscape ('geographic jumps\'). A key factor in the first scenario, geographic expansion, is the suitability of the landscape for the disease complex to become introduced and established. Climate and weather and also land use changes may play a role as drivers. Geographic jumps are facilitated by international travel, trade and traffic, together enhancing the level of connectivity between distinct landscapes, and their respective host, vector and pathogen communities.

In addition, there are intermediates between the three disease emergence categories (indicated by 'i\' in [Figure 1](#fig1){ref-type="fig"}). Pathogens emerging in new host species will spread geographically when the species jump is successful, and host specificity adjustment may be an integral component of pathogen invasion of a new area. The expression of new traits of a pathogen in its original host species may lead to higher incidences and more spill-over events to new host species. And new traits may lead to geographic spread of a pathogen in a new area, and geographic spread of a pathogen may lead to adjustment of the infection course.

Distinctly different from the above three disease emergence categories is the disease behavior that that normally plays at the population level. All diseases feature a certain degree of plasticity in terms of their behavior in time and space, responding to host demographic cycles, host immune status, spatial population structure, seasonality or health protection measures ([Figure 1](#fig1){ref-type="fig"}, numbers 1, 2 and 3).

Emergence in a novel host
=========================

Disease emergence in a novel host includes all events ranging from incidental spill-over to emerging spill-over events (e.g., emerging zoonoses), and to full species jumps, the latter defined as successful infection and replication in a new host species leading to novel host-to-host transmission.^[@bib28]^ It should be recalled that zoonoses and spill-over also occur in business-as-usual scenarios not associated with disease emergence such as certain food-borne diseases in humans. Species jumps have in the recent history brought multiple, devastating epidemics, including the influenza A and HIV-1 pandemics. Other potential pandemics were nipped in the bud, e.g., severe acute respiratory syndrome. Again other pathogens with apparent pandemic potential have so far never made it past spill-over events or short human-to-human transmission chains, e.g., Ebola, HEV and monkeypox viruses.

Dynamics of emergence in a novel host
-------------------------------------

The process of a pathogen that emerges in a novel host has been well described by Wolfe *et al.*^[@bib10]^, subsequently adapted by others.^[@bib8],[@bib9]^ In summary, different stages can be discerned starting from a pathogen that only infects reservoir hosts, to spill-over without subsequent transmission in the novel host (with *R*~0~ in novel host=0, where *R*~0~ is the expected number of secondary cases per primary case^[@bib29]^), stuttering chains of infection (*R*~0~\<1^[@bib30]^), and finally sustained novel host-to-novel host transmission (*R*~0~\>1).

In some cases, pathogen adaptations in the novel host are not required for successful emergence in a novel host.^[@bib31],[@bib32],[@bib33],[@bib34]^ Certain pathogens can shift from one host to the next via ecological fitting, using traits already present,^[@bib31]^ or by pre-adaption in the reservoir host.^[@bib34]^ One example is the 2009 pandemic H1N1 influenza A virus that showed evidence of pre-adaption to humans during its circulation in swine.^[@bib35]^ However, adaptation in the novel host is often required for successful infection and subsequent sustained transmission between new hosts.

The probability of adaptation success is influenced by the number of primary infections, the initial *R*~0~, the number of genetic changes required, the pathogen evolvability and other factors.^[@bib28]^ Occasionally, several rounds of stuttering chains of transmission in a novel host population are required for successful emergence. Even if the initial establishment of a pathogen fails, the novel host population can become partially immune and in this way primed for more prolonged epidemics upon reintroduction of the pathogen.^[@bib36]^ For example, a recent study on the Nipah virus dynamics in Malaysia suggested that repeated introduction from bats into the same pig farm had created a conducive pig herd immunity status supporting on-farm virus circulation and spread to other pig farms.^[@bib37]^

Pathogens prone to emerge in a novel host
-----------------------------------------

A species jump requires utmost pathogen evolvability, and appears facilitated by a broad host range, frequent re-assortment or recombination events, a segmented genome structure, genetically conserved receptors, replication without nuclear entry and quasispecies formation.^[@bib8],[@bib24],[@bib28],[@bib32],[@bib33],[@bib38]^ These features are especially common in single-stranded RNA viruses, dominant among species jumpers. These traits alone do not guarantee success in species cross-over.^[@bib32],[@bib33]^ The collective pathogen trait profile and the ensuing transmission ecology specifics will have to be supportive. For example, pathogens with good environmental survival or transmitted by a range of arthropod vectors may stand a higher chance of infecting new host types than sexually transmitted pathogens.^[@bib39]^

Certain pathogens are more prone to periodic species jumps and may again do so in the future. Influenza A viruses underwent multiple species jumps in recent history, including from avian host sources to horses, humans and pigs, from horses to dogs, from pigs to human, and from dogs to cats.^[@bib40],[@bib41],[@bib42],[@bib43]^ Although the virus causing H5N1 highly pathogenic avian influenza (HPAI) has so far only shown rare stuttering transmission in humans, a mere five mutations would render this virus air-borne transmissible.^[@bib44]^ For comprehensive inventories of pathogens in the different stages of emergence in a novel host, see elsewhere.^[@bib8],[@bib9],[@bib45]^

Drivers of emergence in a novel host
------------------------------------

Disease emergence in a novel host species depends on the contact rate between the reservoir host and the novel host, as well as on the suitability of the novel host for the concerned pathogens.^[@bib9]^ In addition, major flare-up of disease in a reservoir host can increase spill over to other host types.^[@bib7],[@bib9]^

In most cases, the main driver behind the emergence of a pathogen in a new host is increased contact between different host types. A set of global factors changes ecological landscapes worldwide and brings animals and humans in closer contact. Microbial reservoirs with potentially hazardous disease agents circulate in non-human primates, wild carnivores, birds, bats and rodents. Humans may become infected encroaching forest and game reserves, including hunting for and consumption of wild meat.^[@bib45]^ Interspecies contact rates have gone up considerably also as a result of the steep recent and ongoing growth in human population and increases in food animal production. Wildlife migration can facilitate species jumps to domestic animals and humans.^[@bib46]^ The pressures on the natural resource base forces wildlife into farming and urban landscapes, enhancing species mixing. One example is the emergence of Nipah virus in Malaysia in pigs and subsequently humans, and triggered by fruit bats foraging fruit trees near pig farms, using also pig manure as fertilizer.^[@bib47]^

Emergence of a pathogen with novel traits in the same host
==========================================================

The second major component of the disease emergence framework concerns the emergence of a pathogen with novel characteristics bringing mostly sudden disease flare-up within the same host. This category comprises pathogens becoming hypervirulent ('virulence jumpers\'), certain pathogens acquiring antibiotic or antiviral resistance, and some pathogens circumventing the effects of vaccination. Common to these situations is a pathogen overcoming an obstacle that was precluding access to major host resources, creating a 'winner takes all\' scenario, often accompanied by severe clinical disease. Examples of pathogens with novel traits that inflict major host damage include recent H5 and H7 HPAI viruses in poultry, spilling back also to wild birds,^[@bib48],[@bib49]^ and *Escherichia (E.) coli* O104:H4 with multiple antibiotic resistances that caused a major food safety and veterinary public health challenge in Germany in 2011.^[@bib50]^

Dynamics of emergence of a pathogen with novel traits
-----------------------------------------------------

A pathogen with novel traits can emerge as a result of mutation or because a latent trait with superior fitness becomes selected for, unlocking host resources that would otherwise remain out of reach. For virulence jumpers, the virulence increase may eventually turn less or even counter-productive, hindering transmission.^[@bib51],[@bib52]^ Virulence-transmission tradeoff may take a variety of turns, depending also on additional factors such as the timing of transmission and associated virulence peak during the infection period,^[@bib53]^ and the optimal virulence level may differ for each pathogen--host--environment configuration.^[@bib54]^ For pathogens circumventing vaccines or antimicrobials, the superior fitness plays out as long as it lasts. It has to be noted that not all pathogens that gain resistance or escape vaccination count as EID; only the ones that bring sudden disease flare-up and/or that become dominant in a host community are truly emerging.

Pathogens prone to display novel traits in the same host
--------------------------------------------------------

Pathogens capable of displaying novel traits while in the same host tend to feature a high mutation rate, and/or a capability of acquiring novel genetic material through re-assortment or recombination (viruses) or transfer of plasmids (bacteria). Enhanced virulence in RNA viruses is correlated with diversity of quasispecies, a collection of viruses with related sequences generated by mutation.^[@bib55]^ Below, examples will be discussed, starting with viruses, followed by bacteria, fungi and parasites.

An important example of a virus capable to develop novel traits is influenza A virus, with a high mutation rate and formation of quasispecies, supporting the formation of a highly diverse gene pool across host reservoirs.^[@bib40]^ Human influenza viruses resistant to antiviral drugs have emerged globally, while H5 and H7 avian influenza subtypes are seen to acquire increased virulence through mutation.^[@bib40],[@bib56]^ One more example of a virulence jump is given by the emergence of a highly pathogenic form of porcine reproductive and respiratory syndrome virus in China in 2006, based on an accumulation of point mutations and deletions.^[@bib57]^ Virulence jumps are also seen among plant viruses; the recombinant cassava mosaic virus UgV caused a very severe disease in cassava in the late 1980s in Sub-Saharan Africa.^[@bib58]^

Bacteria capable of acquiring novel genetic material through horizontal gene transfer can obtain virulence factors, toxins and/or acquire antimicrobial resistance.^[@bib59],[@bib60]^ For example, *E. coli* O157:H7 obtained the large virulence plasmid pO157 and a bacteriophage expressing Shiga toxin leading to an emerging disease challenge in the food chain.^[@bib61]^ The plasmid containing New Delhi metallo-beta-lactamase forms another example; this plasmid is easily transferable by horizontal gene transfer and has conferred carbapenem resistance to many different *Entero-bacteriaceae* species.^[@bib62]^ In fact, genes conferring antimicrobial resistance are ancient and known to circulate also in places out of reach of human and veterinary medicine.^[@bib63]^ Thus, the presence of antimicrobial resistance genes in microbial communities is not new, but in response to the presence of antimicrobials, the frequencies of these genes may increase through horizontal gene transfer and natural selection.

Horizontal gene transfer is not restricted to just bacteria but also the fungus *Pyrenophora tritici-repentis* that causes tan spot in wheat acquired a virulence factor from another plant fungus through gene transfer.^[@bib64]^

Protozoa and helminths may also acquire drug resistance. For example, *Plasmodium falciparum* with resistance to the malaria drug artemisin recently emerged in southeast Asia and is spreading.^[@bib65]^

Pathogen characteristics pertaining to the transmission ecology play a main role in disease emergence through novel traits within the same host species. Food-, water- and vector-borne transmission, enhanced environmental robustness may assist in the emergence of new disease complexes. For instance, pathogen characteristics that optimize transmission in specific food production chains or host meta-populations may be selected for, and a 'winner takes all\' scenario may occur if a new pathogen is much fitter than its progenitors. In each situation, the full trait profile of a pathogen determines what the new disease complex will look like. Sometimes, the more host aggressive pathogens gain fitness through enhanced environmental survival, as transmission from immobilized or dead hosts may still be efficient.^[@bib66],[@bib67],[@bib68]^ Examples of aggressive pathogens featuring environmental robustness include the H5N1 HPAI virus, *E. coli* bacteria including *E. coli* O157:H7 and the infectious bursal disease virus.^[@bib61],[@bib69],[@bib70],[@bib71],[@bib72]^

Drivers of emergence of a pathogen with novel traits
----------------------------------------------------

Drivers of the evolution of pathogens emerging with novel traits comprise the rise in food animal populations, the process of agricultural intensification and global food supply dynamics as well as the extensive use of antimicrobials and vaccines.^[@bib27],[@bib59],[@bib66],[@bib73]^

Food animal production, processing, marketing and distribution have intensified progressively in most industrial countries since the 1950s.^[@bib16],[@bib59],[@bib73]^ Confined animal feeding operations for cattle, and large-scale rearing units with poultry and pigs form patches of 'mono-cultures\' in the host landscape mosaic. In these settings, there is a premium going to pathogens circumventing bio-exclusion and other health protection regimens. Also, mass rearing of food animals entails large numbers of genetically-similar animals of the same age (young) and sex, kept in high densities. Rapid population turnover and live animal transport support onward transmission once a pathogen with novel traits has emerged. For example, flocks of free-grazing ducks rotating in rice paddy fields and ending up in live bird markets played an important role in the transmission of H5N1 HPAI.^[@bib49],[@bib74],[@bib75]^ Pathogens with novel traits may find ready access to human hosts via the food chain, through the handling of live animals, via aerosols emitted by animals in the intensive production units, in wet markets, through ingestion of manure contaminated food commodities, or related to waste disposal.^[@bib59]^ One example forms a novel methicillin-resistant *Staphylococcus aureus* strain that emerged in humans in the Netherlands in 2003 and could be traced back to an origin in pig farming.^[@bib76]^

Monoculture fruit, vegetable and crop production provide identical scenarios, generating bulk quantities of food, featuring very little genetic diversity and giving rise to the emergence of pathogens with novel traits.^[@bib77]^ One example is the fungus *Cochliobolus miyabeanus* that destroyed rice crops resulting in the Great Bengal Famine of 1943. Also global fisheries production is undergoing a rapid scaling-up, triggering emergence, spread and persistence of pathogens with novel traits.^[@bib73]^ Examples include the emergence of virulent strains of *Flavobacterium columnare*, *Yersina ruckeri* and infectious salmon anemia virus in intensively reared salmon.^[@bib66],[@bib78],[@bib79]^

Ironically, the use of (partially effective) vaccines and antimicrobials to control pathogens in intensive systems (including antibiotics as feed additives for growth purposes) and in human medicine may drive selection of pathogens with increased virulence and antibiotic resistance.^[@bib60],[@bib80],[@bib81],[@bib82]^ Vaccination has possibly increased virulence of *Plasmodium*, *Bordetella pertussis* and infectious bursal disease virus.^[@bib81],[@bib83],[@bib84]^ Recently, a vaccine escape variant of *Streptococcus pneumoniae* was identified that rapidly spread throughout the USA.^[@bib85]^ In particular vaccines reducing pathogen growth, transmission or toxicity could select for increased virulence, in contrast to infection-blocking vaccines.^[@bib80]^ A prime example of antimicrobial resistance affecting animal and human health forms the emergence of extended-spectrum beta-lactamases in *Entero-bacteriaceae*, conferring drug resistance to various classes of antibiotics.^[@bib60]^

In addition, advancements in biomedical technology can in rare cases lead to the emergence of a pathogen through an unexpected route of transmission. One example is the recent multistate outbreak of fungal meningitis in the USA associated with contaminated steroid injection.^[@bib86]^ Unexpected pathogen transmission through solid organ transplants and blood product transfusions has also been reported,^[@bib87]^ but this concerned isolated cases rather than outbreaks.

Disease outbreaks emerging in a novel geographic area
=====================================================

The third major disease emergence category concerns the emergence of a disease complex in a novel area. Emergence may entail an expanding range, so-called 'geographic expanders\' or 'geographic jumps\', pathogens that access novel areas and host resources through saltation dispersal ('virgin-soil\' outbreaks). The first applies in particular to pathogens confronted with changing landscapes, as may be due to climate or land-use changes. Geographic jumps when successful may lead to rapid and widespread dissemination and major epidemics. The introduction of the mosquito-borne West Nile virus in the USA in 1999 forms an example.^[@bib88]^ An example of a food-borne geographic jump forms the introduction of African swine fever in the Caucasus region and southern Russian Federation where pathogen introduction could be traced back to food scraps on board of a ship from Southern Africa, fed to pigs in Georgia, early 2007.^[@bib89]^ Other recent examples include the emergence of Chikungunya virus in Italy, and Bluetongue virus in Northern Europe.^[@bib90],[@bib91]^

Dynamics of emergence in a novel geographic area
------------------------------------------------

Geographic range expanders encroach the landscape directly beyond the actual distribution limit. A gradual expansion of the geographic range may entail adjustment to an only slightly different landscape, at least during the initial phase. Adaptation during range expansion is mainly via ecological fitting and may translate into gradual genetic evolution.^[@bib31],[@bib92]^ Eventually, all invasions come to a halt, with consolidation in the form of a novel geographic limit.^[@bib93]^

Unlike range expansion, a long distance jump is usually governed by chance, as only few pathogens, vectors or infected hosts find access to the novel landscape.^[@bib94]^ Hence, it is difficult to predict when and from where to where long distance jumps will occur. The initial establishment forms a major bottleneck presenting numerous compatibility issues concerning host and landscape. In addition, when the numbers of infected individuals are still low, extinction may easily occur by chance, even if the *R*~0~ of the pathogen in the new landscape is greater than 1. Once initial establishment is successful, an abundance of susceptible hosts may become within reach, facilitating rapid spread. Geographic jumps may be accompanied by a transient increase in virulence during the spread phase when the number of naive hosts within reach builds up rapidly ('i\' in [Figure 1](#fig1){ref-type="fig"}). The eventual net result of an invasion always entails a range expansion and may or may not be accompanied by more profound ecological dynamics and allopatric speciation of the pathogen.

Apart from geographic jumps and local expansions, many mixed forms might occur, with new colony establishment and growth leading to coalescence and an advancing pest or disease frontline, taking the form of stratified dispersal.^[@bib95]^

Pathogens prone to emerge in a novel geographic area
----------------------------------------------------

Disease emergence involving new landscapes may concern the full range of pathogens, from viruses to bacteria, fungi, protozoa, helminths, ecto-parasites and other pest agents, and also arthropods. In principle, any type of pathogen may show up in a novel geographic area should the opportunity presents itself. Still, it remains that pathogens with flexibility are more dispersive and therefore, more prominent in this disease emergency category.

Drivers of emergence in a novel geographic area
-----------------------------------------------

The drivers of disease emergence in a novel landscape facilitate access by existing pathogens to host resources elsewhere distributed. More complex scenarios involve introduction of infected host populations or infected vectors becoming newly established upon arrival.

Land-use changes and changes in climate and weather modulating host and vector habitats or environmental pathogen survival may drive a local range expansion of pathogens.^[@bib59],[@bib96],[@bib97],[@bib98]^ An example is the expansion of the tick-borne pathogen *B. burgdorferi* sensu strictu, the cause of Lyme disease, in the USA, probably driven by a combination of changes in climate, agriculture and land use.^[@bib99]^

Geographic jumps typically result from international trade and travel, including transport of live animals, food items, plants and accompanying insects, thus enabling disease agents to hitchhike and establish in novel places.^[@bib59],[@bib97],[@bib100]^ For instance, a major epizootic of Rift Valley Fever virus in the Arabian Peninsula in 2000--2001 was attributed to shipments involving live animals and mosquitoes from mainland Africa.^[@bib101]^ Similarly, in 2003, the bacterium *Ralstonia (Pseudomonas) solanacearum* race 3 biovar 2 jumped from Kenya to greenhouses in the USA via imported geranium plants.^[@bib77]^ The globalization of fisheries production and supply explains how white spot disease in shrimps became first introduced in Mozambique from Asia in 2011. Geographic jumps may also result from the active migration of wild species including a range of mammals and also birds, fish and arthropods, in the process introducing entire microbial reservoirs into novel geographic areas.^[@bib46]^

Concluding remarks and perspectives
===================================

Pathogens will continue to find ways to exploit novel host resources, be it humans, domestic animals, plants, marine life or natural ecosystems.^[@bib102]^ The framework presented here comprehensively categorizes the great diversity of EID agents and events on the basis of the changes in the interplay between pathogens, hosts and environment. EID events are grouped into three main, distinct and only slightly intersecting categories that each features typical disease ecological dynamics, sets of drivers of emergence and pathogen trait profiles. The framework is not restricted to infectious disease emergence in human and livestock as it would also apply to pest and disease challenges emerging in plant production, fisheries and bee keeping. The framework thus has potential to assist in disentangling and structuring a formidable amount of information on infectious diseases and may be used to help identify the circumstances in food and agriculture, natural resource management and other forms of human behavior that enhance pathogen emergence. This, in turn, may lead to adjustments in food and agriculture, land use, physical planning, trade practices and so on, based on more thorough understanding of the interplay and feedback between human action, pathogen--host--environment dynamics, and pathogen evolution.

Certain extremely flexible pathogens fit several emergence categories. For example, influenza A viruses collectively have shown capable of species jumps, virulence jumps, and inter-continental scale invasions. H5N1 HPAI emerged as a virulence jumper in avian hosts in 1996, paving the way for a presumably migratory waterfowl vectored panzootic of the H5N1 subclade 2.2 viruses in 2006, and at the same time, led to continual spill-over and even rare events of human-to-human transmission, posing the threat of a species jump. In addition, the build-up of influenza A virus genetic diversity in the human--swine--avian host reservoir continues to increase.

As shown in [Figure 1](#fig1){ref-type="fig"}, the divide between an existing and emerging disease complex is not always clear. Flare-ups of existing diseases may interfere with, overlap with or assist new disease emergence given the fluctuations in disease prevalence and incidence. [Figure 1](#fig1){ref-type="fig"} also elaborates on the grey areas between the three emergence categories. The disease emergence narratives presented here are mostly of recent origin, stretching over just a few decades, and matching the turbulence created by a global set of contemporary drivers bringing the rapid changes in the availability, use and management of the earth\'s terres-trial resources. Naturally, in such a time frame, disease emergence and pathogen evolution are based on variations of already existing forms of microbial life. A different temporal resolution would have changed the picture. All currently existing pathogens at some stage in their evolutionary history have switched host species, spread geographically and underwent character changes. Hence, when fitting EID events in the current framework, the geospatial and temporal scales of the event should be made explicit and accounted for. Using the framework here presented, most EID pathogens and disease emergence dynamics are captured with relative ease. In some cases, precise information on changes in pathogen genetics, host specificity, transmission modes, incidence and pattern or invasion dynamics relative to the pre-emergence situation is missing. Here, the framework may assist in gap analysis to reveal critical information that is missing and/or research yet to be performed.

While the existing, well-established disease complexes are causing most of the actual human suffering in the form of chronic disease burdens, the respective pathogens are relatively inflexible (e.g., specialist infectious disease pathogens or macroparasites) and more responsive to health protection measures.^[@bib18]^ Yet, in poor countries, there is usually a lack of investment to address even these old diseases. In fact, in these countries, the fight against old and new diseases would present a twin objective. In contrast, in the wealthier countries, many of the old diseases have been eliminated, are being effectively suppressed or never occurred. Naturally, this does not apply to EID events and pandemic threats remain a major global concern. Disrupting the transmission of EID events may turn notoriously difficult and a more preventative approach is therefore called for, with creation of robustness and resilience at the human/food and agriculture/ecosystems interfaces, collectively involving health professionals, in particularly at the community level, farmers, hunters, tourists, consumers and the public at large.^[@bib103]^ It is in this sense that the here presented framework for emerging infectious disease analysis may be usefully applied.
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